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ABSTRACT

Background: Citrus is one of the most economically important horticultural crops in the
world. Citrus are vulnerable to the postharvest decay caused by Penicillium digitatum and P.
italicum, which are both wound pathogens. To date, severa non-chemica postharvest
treatments have been investigated for the control of both pathogens, trying to provide an
aternative solution to the synthetic fungicides (imazalil, thiabendazole, pyrimethanil, and
fludioxonil), which are mainly employed and may have harmful effects on human health and
environment.

Scope and approach: The current study emphasizes the non-chemical postharvest
treatments, such as irradiations, biocontrol agents, natural compounds, hot water treatment
(HWT), and sdlts, on the prevention of decay caused by P. digitatum and P. italicum, aso
known as green and blue molds, respectively. The mode of action of each technique is
presented and comprehensively discussed.

Key findings and conclusions: In vivo and in vitro experiments in a laboratory scale have
shown that the control of green and blue molds can be accomplished by the application of
non-chemical treatments. The mechanisms of action of the non-chemical techniques have not
been clearly elucidated. Severa studies have mentioned that the application of non-chemical
treatments results in the synthesis of secondary metabolites with antifungal activities (i.e.
polyphenols, phytoalexins) in fruit surface. Moreover, non-chemical treatments may exert
direct effects on fungal growth, such as disruption of cell walls, inhibition of metabolic

respiration, and disruption of energy production related enzymes.



N

w

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Non-chemical treatmentsfor preventing the postharvest fungal rotting of citrus caused
by Penicillium digitatum (green mold) and Penicillium italicum (blue mold)

Konstantinos Papoutéi¥, Matthaios M. MathioudakisJoaquin H. Hasperfjé/asileios
Zioga$

#UCD School of Agriculture and Food Science, UnsitgrCollege Dublin, Dublin 4, Ireland

® School of Environmental and Life Sciences, Thevdrsity of Newcastle, PO Box 127
Ourimbah, NSW 2258, Australia

‘Laboratory of Plant Pathology, Institute of Olivee® Subtropical Crops and Viticulture,
ELGO-DEMETER, Chania, 73134, Crete, Greece

dCentro de Investigacion y Desarrollo en Criotecgtdale Alimentos (CIDCA), CONICET-
Facultad de Ciencias Exactas, Universidad Nacidedla Plata (UNLP), calle 47 y 116
(1900), La Plata, Argentina

®Laboratory of Citrus Crops, Institute of Olive Tr8abtropical Crops and Viticulture,

ELGO-DEMETER, Chania, 73134, Crete, Greece

*Corresponding authors: ziogas@nagref-cha.gr; kgségoutsis@ucd.ie




27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

ABSTRACT

Background: Citrus is one of the most economically importaotticultural crops in the
world. Citrus are vulnerable to the postharvestgleraused byPenicillium digitatum andP.
italicum, which are both wound pathogens. To date, seveoalchemical postharvest
treatments have been investigated for the contrdlobth pathogens, trying to provide an
alternative solution to the synthetic fungicidesdkalil, thiabendazole, pyrimethanil, and
fludioxonil), which are mainly employed and may bawarmful effects on human health and
environment.

Scope and approach: The current study emphasizes the non-chemical haosist
treatments, such as irradiations, biocontrol agemasural compounds, hot water treatment
(HWT), and salts, on the prevention of decay cause®. digitatum andP. italicum, also
known as green and blue molds, respectively. Thelemaf action of each technique is
presented and comprehensively discussed.

Key findings and conclusions. In vivo andin vitro experiments in a laboratory scale have
shown that the control of green and blue molds lmaraccomplished by the application of
non-chemical treatments. The mechanisms of actiegheonon-chemical techniques have not
been clearly elucidated. Several studies have owadi that the application of non-chemical
treatments results in the synthesis of secondangbubtes with antifungal activities (i.e.
polyphenols, phytoalexins) in fruit surface. Moregvnon-chemical treatments may exert
direct effects on fungal growth, such as disruptaincell walls, inhibition of metabolic

respiration, and disruption of energy productidated enzymes.
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1. Introduction

Citrus is one of the most important crops in therldvavith a global production
exceeding 140 million tonnes (FAO, 2016). Aftervest, citrus fruit are stored and handled
in packing houses in order to maintain their pastbst life and quality, as well as to reduce
the decay due to pathogen infecti®enicillium digitatum Sacc. (green mold) aril italicum
Wehmer (blue mold) are the most economically imgraripathogens in citrus, resulting in
significant postharvest losses (up to 30 and 8@Xpectively) (EI-Otmani, Ait-Oubahou, &
Zacarias, 2011). BotR. digitatum and P. italicum are wound pathogens which produce a
large amount of airborne spores (conidia) reproduasexually and infect the fruit through
the wounds made by insects, branches, or inapptephuman handling during harvest
(Kellerman, Joubert, Erasmus, & Fourie, 2016).

The control of blue and green molds is currentlgoaeplished by the pre- and
postharvest application of chemical fungicides hsas imazalil, thiabendazole, pyrimethanil,
and fludioxonil (Berk, 2016). However, the extemse- and postharvest usage of chemical
fungicides on citrus has caused the developmentesiktant fungi strains resulting in a
breakdown of fungicide efficiency (Hao, Li, Hu, Y@an& Rizwan-ul-Haq, 2011; Sanchez-
Torres & Tuset, 2011). Therefore, methods for nayimy fungicide baseline sensitivity for
all postharvest fungi includinBenicillia should be conducted. Although these methods are
very expensive and time consuming, they are negess@rolong over time the technical life
of fungicides (Vitale, Panebianco, & Polizzi, 201@iccirillo et al., 2018). Additionally,
currently consumers are concerned about the cortgsam@f fruit sprayed with fungicides,
since their active compounds and co-formulants Hasen associated with several health
issues and environmental pollution (Nicolopouloasati, Maipas, Kotampasi, Stamatis, &

Hens, 2016). Furthermore, citrus export companiesdopting more strict policies regarding
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pesticide residues, which is in accordance with pélic concern of safer agricultural
commodities (Tripathi & Dubey, 2004; Palou, Smitdqi& Droby, 2008; Talibi, Boubaker,
Boudyach, & Ait Ben Aoumar, 2014). The use of cheahisubstances with potential
carcinogenic or endocrine-disrupting effects magsess an unknown threat to human health.
Furthermore, the determination of “safe” levelsyofdr a single chemical phytosanitary
compound underestimates the real health hazardokedvvia the chronic exposure and
consumption of several chemical compounds (Nicalidgo Stamati et al., 2016). Thus, there
is a need to establish alternative postharvestydematrol methods, as standalone procedures
or coupled with other means with low toxicity anavigonmental awareneg®alou et al.,
2008). Over the last two decades, several studies been conducted investigating the effect
of non-chemical treatments, such as irradiatiom$ynal compounds, biocontrol agents, hot
water treatment (HWT), and salts, on the contrdblaé and green molds (Pavoncello, Lurie,
Droby, & Porat, 2001; Hao et al., 2011; Talibi &t 2014; Jeong, Chu, Lee, Cho, & Park,
2016).

The current study focuses on the control of thehawsest pathoger. digitatum and
P. italicum by the use of non-chemical techniques (biocorggants, irradiations, salts, plant
extracts, essential oils, and HWT). The mechanishaction implicated in the control of the

postharvest pathogens are also presented and sksc(ligure 1).



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

Lssential oils  Glucosinolates  Flavonoids

by the pathogen
* Stimulation of host’s secondary metabolism

lanning Quinoncs

+ Consumption of nutrients that could be nsed }
+ Arrest of cellular respiration
= Stimulation of defence responses
* Modification of pathogen cell structure
¢ Inhibition of energy production metabolism Jasmonal
+ Interference with pathogen cytoplasmic plasma
membrane
+ Inhibition of enzymatic activity
+ Inhibilion of nucleic acid biosynthesis

X-rays é

Gamma irrzula':llimb «
~<] { Irradiations
TV irradiation p Q
Bluc light :;

Increase of cell wall thickness
Increase of PAL activity

+  Alteration of the circadian rhythms of fungus

+  Up-regulation of phenylpropanoid metabolism
Production of ROS into fungal cells Treatment
Enhancement of phytoalexin synthesis
Inhibition of sporc generation

Saponing

Alkaloids

Sterols Tsothiocyanates - Bacleria

Biocontrol
agents

Yeasts

Penicillium

= pH alterations

* Activation of defence mechanism

¢ Tnhibition of fimgal growth

* Up-regulation of phenylpropanoid pathway
= Inhibition of fungal growth

* Inhibition of fungal spore germination

= ROS accumulation

@ Sodium carbonate

= Sodium bicarbonate
Organic and )

inorganic salts

Calcium polysulfide
: - Tt

* Removal of fungal spores from fruit
Hot Water surface
* Accumulation of lignin
« Inhibition of fungal spores growth
* Phytoalexin accumulation
* Accumulation of heat shock and
pathogenesis related proteins
+ Accumulation of secondary metabolites

Spraying Dipping

Figure 1. Schematic illustration of mechanisms of action fiifferent non-chemical

treatments again$enicilliumin citrus.

2. Pathogenicity of Penicillium digitatum and Penicillium italicum

P. digitatum andP. italicum, causing the green and blue molds respectiveyflargi
classified in the order Eurotiales and the Trichmaoeae family (Palou et al., 2008; Talibi et
al., 2014). Both citru$enicillium molds are wound pathogens, which can only infagt f
through rind wounds during field harvesting, pagkinhandling or commercialization, or
injuries made on fruit surfaces 2-3 days beforerdstrby physiological conditions (e.g. cold,
wind) and insects (Kellerman et al., 2016). Furggaires, massively produced by rotten fruit
(fallen on the ground of orchard, packing housaragfe room), are airborne disseminated and
they can easily cause contamination of the surrnognétuit at any stage, before or after
harvest. The severity of the forthcoming diseaseeld@ment generally depends on the
amount of pathogen spores established on the rohas, the fruit maturity (mature fruits
are highly susceptible) and the optimum temperatmeditions (20-25°C) for pathogen

infection (Kellerman et al., 2016). Although fortbgathogens the optimum temperature for
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germination and growth is 2%, green mold is more favored at ambient tempezafuas
conidia germination and hyphal growth developmerfaster, whereas blue mold gets more
important at lower cold-storage conditions. Theeation site appears as a soft, watery, and
decolorized spot due to the production of pathagehiydrolytic enzymes (e.g.
polygalacturonase, glucosidase), which cause m@meraf tissues and facilitates their
colonization by fungi, eventually leading to fruidiecay. Within the wide utilization of
volatiles as antifungal agents (detailed in sec8d), there is an exception. Certain specific
monoterpene volatiles released from the citrus (eelimonene, myrcene, pipene), have been
reported to be important to the germination andwijncof P. digatatum andP. italicum, with

the former being more sensitive to the stimulateffgct of citrus volatiles than the latter
(Droby et al., 2008). Specifically, the germinatgmbres of. digitatum andP. italicum were
75.1% and 37.5%, respectively, when the fungi wexposed to citrus peel volatiles
compared to the controls (6.8% and 14.7%, respagjivHowever, the same volatiles had an
inhibitory effect in the germination &f. expansum andBotrytis cinerea (Droby et al., 2008).
Taking into consideration that volatiles derivednfr citrus peel caused an increase in spores
germination ofP. digitatum and P. italicum, whereas volatiles derived from non-pathogen
hosts had no effect in combination with the spedtimulatory effect of citrus peel volatiles
solely on citrus pathogen®.(digitatum, P. italicum) and the inhibitory effect on non-citrus
pathogens K. expansum, B. cinerea), Droby et al. (2008) suggested that these cipesl
monoterpene volatiles serve as signaling moleanlésst recognition by. digitatum andP.
italicum. Despite the different mold color of the sporuigtarea betweeR. digitatum andP.
italicum, the former is surrounded by a thick non-spolagtnycelium limited by a decaying
peel, while the latter is surrounded by a sparsespmrulating mycelium limited by a soft,
watery peel (Palou et al., 2008; Talibi et al., 20During disease development, fruit surface

is fully covered with spores followed by shrinktiation, which leads to a sunken mummified
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form in case of green mold, whereas in the cadduaf mold, the mummified form becomes a
sticky mass. The whole process is relative humidipendent. It is noteworthy that blue
mold can spread in healthy fruit in storage boxesenirequently and by direct attack (only
by contact) in contrast to green mold, in whichecdge contamination of adjacent fruit is rare.
Moreover, Penicillium spp. are considered as great producers of exsplincluding
mycotoxins and other secondary metabolites, whashlte toxic and harmful to humans and
animals (Barkai-Golan, 2008; Perrone & Susca, 20R.7ligitatum andP. italicum have not
been included among the mycotoxigenic producersotiuer extrolites have been reported
such as the tryptoquialanins by the former, andxge@vianamide E, italinic acid,
formylxanthocillin X and PI-3 by the latter (Fris¥& Samson, 2004).
3. Control of P. digitatum and P. italicum by the use of natural compounds
3.1. Use of plant extracts

Mother Nature has always been a valuable sourcéndarans toward the search for
useful compounds in order to overcome problemselinwith food preservation. During the
last decades, several reports have indicated heatuse of plant extracts is a potential
alternative method for the efficient managementitis postharvest diseases (Ameziane et
al., 2007). Extensive work has been done towardsetifiectiveness of plant extracts to
participate into the development of innovative famgal compounds that could be used in
order to control citrus postharvest diseases. Rattacts originating mainly from medicinal
and aromatic plants have been implemented as gegxanmethods toward the development
of postharvest decays of citrus fruit and showedbaraging results durinm vitro andin
vivo studies (Askarne et al., 2013; Li Destri Nicosiaak, 2016). The application of plant
extracts as autonomous potential fungicides oomhgnation with other control measures is
rather promising due to their well-documented angfal activity, low phytotoxicity, systemic

mode of action, decomposability, and low environtaktoxicity (Tripathi & Dubey, 2004,
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Askarne et al., 2012). Those latter attributes n@&at extracts valuable assets in the arsenal
of the sustainable agriculture because it mostlplats natural cycles with reduced
environmental impact (Li Destri Nicosia et al., B).1

Several reports suggest the ability of aqueousgeiroc solvent extracts from different
plants to control citrus decay causedmyitalicum andP. digitatum due to their content in
secondary metabolites such as flavonoids, quindiaesiins, terpenes, alkaloids, saponins,
sterols, phenylpropanoids, acetaldehyde, benzatdehipenzyl alcohol, ethanol, methyl
salicylate, ethyl benzoate, ethyl formate, hexa(tg);2-hexanal, lipoxygenases, jasmonates,
allicin, glucosinolates, isothiocyanates, verbagtmcand isoverbascocide (Tripathi & Dubey,
2004; Palou et al., 2008; Talibi et al., 2014; ladiri Nicosia et al., 2016ln vivo andin vitro
studies on grapefruits showed that the applicadiolow doses of jasmonates (jasmonic acid
and methyl jasmonate) is an effective method tdrobeitrus decay caused W digitatum
(Droby, Wisniewski, Macarisin, & Wilson, 2009). Kam & Al-Najar (2009) reported how
methanolic extracts from cinnamon bairinamomum cassia L.), sticky fleabane leaves
(Inulaviscosa L.), and harmal seedPdganum harmala L.) were able to inhibit the growth of
fungal isolates oP. italicum upon infected lemons and oranges. The high fungitagtivity
of . viscosa crude and methanolic extracts agalpsitalicum was related to the high content
of phenolics, flavonoids, and anthraquinones, whiile antifungal activity ofP. harmala
extract was attributed to the high concentratiophenolics and alkaloids (Kanan & Al-Najar,
2009).

Many studies have attributed the antifungal agtiwit plant extracts to the presence of
polyphenols. Sanzani, Schena, & Ippolito (2014)regd that phenolic compounds such as
guercetin, scopoletin, and scoparone exerted awg@iuactivity towardP. digitatum on navel
oranges. Pomegranate peel extract has drawn #iatt of many research groups for the

quest of potential, sustainable, and alternativesciemical fungicides due to its high
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antioxidant activity and antimicrobial capacity @ated with the high concentration of
phenolics (Li Destri Nicosia et al., 2016; Tayelptésa, Salem, Mazrou, & El-Tras, 2016;
Pangallo et al., 2017). Phenolic extracts from pgrnaweate peels inhibited the conidia
germination ofP. digitatum andP. italicum and delayed the overall decay of the artificially
inoculated grapefruits and lemons (Li Destri Nieost al., 2016; Tayel et al., 2016; Pangallo
et al.,, 2017). The absence of any phytotoxic symdraipon the tested citrus proves the
capability of pomegranate peel extract to be usedraeffective eco-friendly and food safe
control agent against postharvest citrus rots @stt Nicosia et al., 2016).

Even though there is extensive literature upon libeeficial effect of plant extracts
toward the control of fungal infestation during fi@svest storage, little is known about the
mode of actions that they exert. Most of the stsithat have been conducted so far have tried
to elucidate the mechanism of action of polyphenatminst green and blue molds.
Polyphenols contained in the plant extracts mayndtate the synthesis of secondary
metabolites with antifungal activities in the fraissue, as well as it may have detrimental
effects on the morphology and growth of fungi (Yatal., 2016). In the work of Pangallo et
al. (2017), phenolic extracts from pomegranate pe@plied to citrus fruit enhanced the
defense mechanisms into flavedo (the outer colpaati of the peel). This justifies the fact
that pomegranate peel extract has the abilityitousate resistance cascades to fruit tissues,
and those responses are linked with the opposabitioh of pathogen development and
infection upon the fruit (Pangallo et al., 2017pnkegranate peels extracts resulted in the
over-accumulation of reactive oxygen species (R@8Y the increased expression of five
genes: chitinaseCHl), chalcone synthag€HS), mitogen-activated protein kinagelAPK),
mitogen-activated protein kinase kina8#APKK), and phenylalanine ammonia-lya$®l),
all related with the activation of plant defensspe@nses (Pangallo et al., 2017). It was

suggested that pomegranate peel extracts weret@ld&ert their mode of action via the
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induction of resistance mechanisms in fruit tissiee the priming effect (Pangallo et al.,
2017). Priming is the cellular state in which therrhful effects of abiotic stress factors in
plants are hindered by pre-exposure to a stimuhuss resulting in greater survival levels
(Tanou et al., 2009). Priming techniques (use afinah or artificial compounds) have been
related with the more efficient activation of detersyndromes, thus enhancing the ability to
tolerate forthcoming stress factors (Tanou et281Q9; Ziogas et al., 2015). MAPK cascades
have been linked with plant defence responsesiltirggin the synthesis of pathogen related
(PR) protein, the production of ROS, and even dekth. Also, under adverse conditions,
plant tissues increase the production of phytoakexia the modulation of PAL and CHS,
enzymes involved in the biosynthesis of phenoliadiose participation in resistance
mechanisms of citrus to biocontrol factors and esleonditions has already been proposed
(Hershkovitz et al., 2012). Therefore, the proposeliliced resistance mechanism due to the
application of pomegranate peel extract may caristih promising curative measure due to
the rapid activation of defence cascades that mayept or even minimize the potential of
the fungi to colonize the host tissue (Li Destrcd8ia et al., 2016; Pangallo et al., 2017).
Yang et al. (2016) reported that in the presengaoplar bud plant extracts which were rich
in flavonoids without B-ring substituents (pinocaimmb chrysin and galangin), the hyphae of
P. italicum became shrivelled and wrinkled while the cell mesmle became severely
disrupted. The authors suggested that flavonoidt @atracts exerted their mode of action via
the disruption of cell membrane permeability, tlreest of metabolic respiration, and the
disruption of energy production related enzymekingus (Yang et al., 2016).
Taking into account the fact that plant extractmistst of a mixture of different

compounds, it is easier to speculate that the argdl activity should be the outcome of a
plethora of possible modes of actions. In genénalke modes of action are linked with: i) the

stimulation of defence responses (Pangallo et28l17), ii) the inhibition of nucleic acid
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biosynthesis via the inhibition of DNA gyrase (WZang, He, Pan, & Xu, 2013), iii) the
ability to interfere with the cytoplasmic plasma miwane of the pathogen, inducing
alternation in fluidity and outflow of intercelluldubstances (Cushnie & Lamb, 2005), iv) the
modification of pathogen cell structure (Xu, Zhd,Wu, 2011), v) the arrest of cellular
respiration and initiation of oxidative stress syordes (Yang et al., 201,6)i) the inhibition
of energy production metabolism (Yang et al., 20E8)d vii) the inactivation of enzymes,
causing disruption of the functionality of the geoenaterial (Telezhenetskaya & D'yakonov,
1991).

The justification of the ability of a plant extractact as efficient antifungal agent is the
first step toward the development of a natural cemuml viable eco-friendly product (Li
Destri Nicosia et al., 2016). However, there areess aspects of the botanical merits that
need attention and certain obstacles must be sepamcluding the following: i) the applied
product must be effective even after short termattnent application, ii) the quality
parameters of the fruit should not be negativefgaéd, iii) the utilized effective dose must
be as low as possible, iv) the efficacy of the mggphatural product should not be affected by
the environmental conditions or fruit physiologyi) ¥the applied natural extract should have
low residual activity and not be toxic for humarahie (i.e. alkaloids), and viii) it should be
considered the specificity of action versus targgbathogen, and not have wide fungal
activity against multiple phytopathogens (TripagiDubey, 2004; Talibi et al., 2014; Li

Destri Nicosia et al., 2016) (Table 1).

Table 1. Mode of actions and required characteristics dflaal plant extract againBt digitatum and
P. italicum.

References
Stimulate defence responses (Pangallo et al., 2017)
Inhibit nucleic acid biosynthesis (Wu et al., 2013)

Interfere with pathogen cytoplasmic plasm@ushnie & Lamb, 2005)
membrane permeability
Modify pathogen cell structure (Xu et al., 2011)

Mode of
Actions

11
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Inhibit cellular respiration (Yang et al., 2016)

Initiate oxidative stress syndromes (Yang et 416
Inhibit energy production metabolism (Yang et 2016)
Inactivate of essential enzymes (Telezhenetskaizgy&konov, 1991)
React with cell membrane proteins (Telezhenetskaayakonov, 1991)
Disrupt function of genetic material (Telezheneyské& D'yakonov, 1991)
9 Effective after short term treatment application al{fii et al., 2014)
< % | No negative effect upon fruit quality attributes alibi et al., 2014)
25 | Low effective dose (Tripathi & Dubey, 2004)
= *g Efficiency not affected by environmenta(Li Destri Nicosia et al., 2016)
& & | conditions or fruit physiology
6 Low residual activity — not toxic to humans (Li DeedNicosia et al., 2016)

Specificity of action versus targeted pathogens Dgstri Nicosia et al., 2016)

3.2. Use of essential oils

Essential oils (EOs) are natural volatiles, oilubéé substances produced into various
plant organs and are known for their antibacteretifungal, antiviral, insecticidal,
antioxidant, and medicinal properties (Yahyazadghre, Omidbaigi, Faghih-Nasiri, &
Abbasi, 2009; Talibi et al., 2014). Recent studiese proven that EOs have two unique
attributes: i) they are natural products, safe donsumers, and ecosystem and ii) there is
minor risk of resistance development by postharyeghogens due to various volatile
substances which exist within the essential oil Efixture, each exerting a different
antifungal mode of action (Tripathi & Dubey, 2004ahyazadeh et al., 2009). The volatile
nature of EOs and their high biodegradability makem efficacious and advantageous
postharvest antifungal agents for citrus industithwow levels of traceable residues (Talibi
et al.,, 2014). The successful usage of EOs asaeitius postharvest fungicides has been
reported to many citrus species like satsuma mand8&hao et al., 2015), orange (Chafer,
Sanchez-Gonzélez, Gonzéalez-Martinez, & Chiralt,220%our orange (Trabelsi, Hamdane,
Said, & Abdrrabba, 2016and lemon (Pérez-Alfonso et al., 2012) (Table 2)

In the work of Boubaker et al. (201@)e antifungal activities of EOs from folinymus
species were investigated agaiRsdigitatum andP. italicum. In vitro experiments showed

that fungal spore germination varied significanbgtween the different EOs used from
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299
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303

Thymus species, but all of them were able to effectivebyitrol bothP. digitatum and P.
italicum (Boubaker et al., 2016). Also, several EOs derifreth lemon grass, eucalyptus,
clove, and neem were tested for their ability toilit fungal growth of green and blue molds
upon the surface of kinnow mandarins (Jhalegar,rm8&a& Singh, 2015). This study
revealed that all EOs were able to inhibit mycegjedwth and conidia germination of both
pathogens upon the surface of citrus fruit, witle ttoncentrations used being able to
negatively affect various developmental stageshefgathogens. Among the different EOs,
lemon grass EO was the most competent to exerhtst beneficial effect toward the control
of green and blue molds (Jhalegar et al., 2015).

Tabti et al. (2014) evaluated the effect of an E&iveed from Thymus capitatus on
oranges artificially infected withP. italicum. In the applied EO mixture consisting of 38
compounds, carvacrol was the most predominant eamstid, further supporting its previously
demonstrated antifungal capacity agaiRenicillium spp. (Markovi¢ et al., 2011). Tripathi
and Dubey (2004) screened and evaluated the effde©s fromMentha arvensis, Ocimum
canum, andZingiber officinale as botanical fungitoxicants against the posthamasting of
citrus fruit. All the observed EOs were able to ttohblue mold infections on oranges and
limes, extending their commercial shelf life angporting the usage of EOs as potential
economical fungitoxicants (Tripathi & Dubey, 2004yabelsi et al. (2016) highlighted the
importance of EOs extracted from different planttpdflower, peel, and leaves) of sour
orange Citrus aurantium L.) againstP. italicum andP. digitatum. The dominant compound
in flower EO was linalool, in the peel was limoneaad in the leaves was linalyl acetate. The
effect of each EO was testadvivo upon sour oranges and the results demonstrate&@m
derived from the leaves and flowers were able tuce the growth oP. italicum and P.
digitatum, while the peel EO extract was ineffective agalnsh pathogens (Trabelsi et al.,

2016). The inability of limonene to arrest the migcgrowth ofP. italicum andP. digitatum
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was also reported by Droby et al. (2008). Monoteepe&olatiles, especially limonene,
strongly stimulate germ elongation and exert thke mf a messenger molecule in host
recognition procedures by both pathogens (Drobyalet 2008; Trabelsi et al., 2016).
Interestingly, other reports have stated that tRes Bf oregano, cinnamon, and clove were
ineffective against the fungal growth & digitatum and P. italicum in oranges (Plaza,
Torres, Usall, Lamarca, & Viias, 2004a; Yahyazadetal., 2009). Compared with other
studies, the EOs used for the controPotligitatum andP. italicum upon citrus should not be
applied at high concentration, since there is asmMine risk of phytotoxicity and increased
application cost (Yahyazadeh et al., 2009).

Several studies propose an alternative approa&lOtapplication via the usage of wax
or other compounds such as chitosan that could nmeei the volatility and increase
effectiveness and duration of the EOs upon theasarbf the citrus fruit (Chéafer et al., 2012;
Tao, Fan, Jia, & Zhang, 2014; Shao et al., 201an@e&-Tovar, Chaves-Lopez, Serio, Rossi,
& Paparella, 2018). Chafer et al. (2012) supportieel combination of EOs with film
components, since the positive antifungal effeat th observed im vitro studies cannot be
foundin vivo. This could be attributed to the increased votatdf EOs and their possible
interactions with the vegetative tissues. Tao e{2114) demonstrated that the utilization of
wax with the EO octanal can exhibit performanceilsinio a fungicide againg?. digitatum
when applied on Satsuma mandarin. The applicatfooctanal embedded into postharvest
wax decreased the fungal growth Bf digitatum upon Satsuma mandarins and improved
citrus fruit quality characteristics (vitamin C dent, coloration index, total soluble solid
content, and pH) (Tao et al., 2014). Also, the cmatoon of chitosan with several EOs was
presented by Chafer et al. (2012) and Shao e2@l5). In the work of Chéfer et al. (2012),
chitosan was mixed with different EOs originatednir bergamot, thyme, and tea tree. The

application of these EOs mixed with chitosan ugendurface of oranges before and after the
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inoculation of the fruit withP. italicum resulted in a significant delay of fungal decayl an
preserved fruit quality parameters throughout tbél storage period. Shao et al. (2015)
reported that the application of chitosan combiméth clove oil resulted in citrus fruit
resistance again$t digitatum. Specifically, the combination of 1% chitosan wit%s mL L*
clove oil reduced the fungal lesions and enhanded activity of PAL and CHI. The
application of EOs via embedded coatings was furtested in a study conducted by
Yahyazadeh et al. (2009), in which EO vapors irygiblylene bags with nano-clay particles
were able to contrdPenicillium decay on citrus fruit. However, it should be cdesed that
the type of the polyethylene film could alter thensory characteristics of the citrus fruit
(Yahyazadeh et al., 2009). In order to improvedfieiency of the application of EO within
wax, other factors, such as formulation solubilggs permeability, compound compatibility
between EOs and waxes, should be taken into ac¢kaoassi, Bajji, & Jijakli, 2012).

The mode of action by which EOs exert their antfalneffect againg®. digitatum and
P. italicum when treated upon the surface of citrus fruit saiter of debate. Tao et al. (2014)
proposed that the mechanism of action of EOs againgi is based upon the disruption of
the cell membrane integrity and membrane permagbili has been suggested that the
lipophilicity of EOs facilitates their infiltratiorfrom the aqueous phase into the membrane
structure of fungi. This infiltration results inwaal intercellular negative consequences, like
membrane enlargement, increase of membrane fluay permeability, disturbance of
membrane-embedded proteins, respiration arresypdisn of ion transport processes and an
overall leakage of ions or other intercellular @mis (Tao et al., 2014; Shao et al., 2015).

Scientific data suggest that a more complex inggrplf volatile compounds acting as
stimulants or inhibitors between plant and pathagéractions may exist since limonene,
pinene,-pinene, and myrcene were suggested for being lgignaolecules responsible for

host recognition by. italicum andP. digitatum (Droby et al., 2008), and limonene synthase
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down regulation irCitrus sinensis improved fruit resistance t®. digitatum (Rodriguez et al.,
2011).

After evaluating the overall antifungal activity &Os againsP. digitatum and P.
italicum, it can be suggested that EOs are promising catetidtowards the search for
alternative solutions to chemical fungicide. EOs eonsidered as Generally Recognized As
Safe (GRAS), eco-friendly compounds that could aepl chemical fungicides. Their
commercial application may facilitate in the overahnagement of postharvest decay caused
by green and blue molds and minimize health ha#aatl exists due to the high usage of
chemical compounds by citrus industry. Howeverppen scale commercial usage of EOs as

antifungal agents must be under tight control duedtential problems that may occur related

with phytotoxicity, unpleasant odors, or limitedildy to implement technologies that will

allow the fumigation of vast amounts of producetle use of aquatic media (Palou et al.,

2008).

Table 2. Summary of studies on the effect of essentialanlB. digitatum andP. italicum.

Fruit Target pathogen  Essential oil References
. - Mentha arvensis, Ocimum canum, (Tripathi & Dubey,
@) I P.ital . .
fange, fime IR zingiber officinale 2004)
Orange P. digitatum, P. Cinnamomum zevia. nicum (Kouassi et al,
g italicum e, 2012)
Satsuma mandarin P. digitatum Octanal (Tao et al., 2014)
P. digitatum, P. . . (Trabelsi et al.,
Orange italicum Citrus aurantium 2016)
Satsuma mandarin P. digitatum Clove oil (Shao et al., 2015)

Orange cv. Thompson, P. digitatum, P.

orange cv. Valencia

italicum

Orange cv. Salustiana, P. digitatum, P.

Orange cv. Valencia

italicum

Orange cv. Tomango P. digitatum

Thymus vulgaris, Eugenia
caryophyllata Thunb

Thymus vulgaris, Cinnamonum
zeylanicum Breyn

Mentha spicata, Lippia scaberrima

16

(Yahyazadeh et al.,
2009)
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Orange cv. Navel

Powell P. italicum Bergamot, Thyme,Tea tree (Chafer et al., 2012)
Lemon cv. Fino lFt)aﬁIC?J:stum P. Carvacrol, Thymol (2F;(ir2e)z-AIfonso etal,
Orange P. italicum Thymus capitatus (Tabti et al., 2014)

368

369 4. Control of P. digitatum and P. italicum by the use of irradiations

370 Several studies have pointed out that the appbcadf non-ionizing (UV-C, UV-B,

371 blue light) and ionizing irradiations (gamma, angays) have the potential of reducing the
372 amount of fungal diseases in citrus (Table 3) (R@jegudo et al., 2012; Gundiz & Pazir,
373  2013; Liao, Alferez, & Burns, 2013; Yamaga, Kunigaki, Kato, & Kobayashi, 2016; Jeong
374 et al.,, 2016). The efficiency of decay reductiontlire fruit is mainly influenced by the
375 irradiation type, as well as its penetration api(deong et al., 2016). The following sections
376  attempt to discuss the possible action mechani$reaat irradiation type, plus potentials for
377 commercial use.

378

379  4.1. Non-ionizing irradiation

380 4.1.1. Ultraviolet irradiation (UV)

381 UV is a non-ionizing irradiation divided into UV-CL0O0-280 nm), UV-B (280-315
382 nm), and UV-A (315-400 nm). UV irradiation is pakaa by vegetative tissues through
383  photoreceptors and regulates several metabolioyagth During the UV treatment, citrus are
384 placed underneath the UV lamp for a specified amofitime, varying from a few seconds to
385 a few hours (Arcas, Botia, Ortufio, & Del Rio, 20@Hallewin, Schirra, Pala, & Ben-
386  Yehoshua, 2000; Ruiz et al., 2017). The UV intgngiait reaches the surface of the fruit is
387 influenced by the distance between the UV lamp thedfruit, as well as the time that the
388 lampis on (Gunduz & Pazir, 2013). Both UV-C and-B\irradiations have been extensively

389  studied on the prevention of citrus decays causadlynby P. digitatum andP. italicum. The
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efficiency of the UV treatment against green angelinolds might be affected by several
parameters, such as UV irradiation type and intgnbarvesting period, maturity stage of
fruit, depth of the infection in the peel, and afgg temperature during the first 24h following
the UV treatment (Droby et al., 1993; D'Hallewin at, 2000; Gunduz & Pazir, 2013;
Yamaga et al., 2016). Although UV-C irradiation yeets the decay of citrus commodities
caused by the green and blue molds, high intemsitiay cause damage on the flavedo of
citrus (Rodov, Ben-Yehoshua, Kim, Shapiro, & 1ttd/992). For instance, Gundiz & Pazir
(2013) reported that UV-C irradiation of 7.92 kZF significantly reduced the decay caused by
both green and blue molds of oranges, howeverehighv/-C intensities negatively affected
the quality of the fruit. On the other hand, UV+Badiation seems to have less harmful effects
on the surface of the citrus fruit compared to UMiCaewsuksaeng, Urano, Aiamla-or,
Shigyo, & Yamauchi, 2011). UV-B irradiation has beeroven to reduce the incidence of
both green and blue molds in lemons and satsumalamian respectively (Ruiz et al., 2016;
Yamaga et al., 2016).

Several mechanisms are involved in the resistafcgitims against green and blue
molds following UV treatment and they could be dedl into direct and indirect. As a direct
mechanism, the effect of UV irradiation could bensidered when it is absorbed by the
surface of fungus. Im vitro experiments, Yamaga et al. (2016) found that UWr&diation
higher than 30 kJ thinactivated the conidia d®. italicum and P. digitatum. On the other
hand, UV irradiation induces metabolic and anatamahanges in citrus flavedo which are
involved in fruit resistance against pathogens ifeadd mechanism) (Rodov et al., 1992,
Droby et al., 1993; Kovacs & Keresztes, 2002; Ratial., 2016). Ruiz et al. (2016) found that
UV-B irradiation of lemons resulted in the thickegiof flavedo cell walls creating a barrier
for the pathogen. Additionally, after UV treatmesgcondary metabolites with antifungal

activities, such as polyphenols and phytoalexins,aacumulated in the flavedo of the fruit
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(D'Hallewin et al., 2000; Ruiz et al., 2016; Ruizat, 2017). Given that UV-C irradiation
implicated in phytochemical reactions, the inculratiemperature after treatment is crucial
for the initial 24 h following the treatment. Farstance, Droby et al. (1993) reported that
UV-treated grapefruits kept for the initial 24 heaftreatment at 6 °C were more susceptible
to P. digitatum than those stored at higher temperatures. Althduyghirradiation is an
effective treatment for the control of citrus pastrest fungi, there are several issues that
must be addressed before this method is used loyifmustry. For example, the distrust of
consumer towards irradiated fruit should be overeoRuture studies investigating the effect
of UV treatment on citrus decay should be conducteda commercial and/or large scale.
Also, the optimum dosages which are able to corh®lpostharvest decay of citrus without

affecting the quality of the product, should beamred.

4.1.2. Blue light

Blue light (400-500 nm) is a part of the visibleespum and regulates several
metabolic processes into vegetative tissues (Ladu&rAlférez, 2015; El-Esawi et al., 2017).
Several studies have mentioned that blue lightccda applied for the control of bot
digitatum andP. italicum (Liao et al., 2013; Yamaga, Takahashi, Ishii, Ka&oaKobayashi,
2015; Ballester & Lafuente, 2017). The mechanisiblee light effects on the control of
citrus decay have yet to be elucidated. Howeverould be hypothesized that the resistance
induced after blue light treatment might be dua wirect effect of light on fungal growth or
an indirect effect of light on fruit elicit resistee, or both (Liao et al., 2013; Lafuente &
Alférez, 2015; Ballester & Lafuente, 201Tij vitro experiments have shown that blue light
affects fungal morphology and sporulation, while thfficacy of the treatment agairnidt
digitatum and P. italicum increases with the duration of the application anth the light

quantum flux (Lafuente & Alférez, 2015). These effecould be due to the implication of

19



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

blue light in the circadian rhythms and the productof ROS into fungal cells (Tisch &
Schmoll, 2010; El-Esawi et al., 2017). The inhibpteffect of blue light on green and blue
molds requires a direct exposure of the infected Burface to the light (Liao et al., 2013).
Apart from the changes that the blue light induce#e the fungal cells, it also regulates
metabolic pathways into the plant tissues, whicghhbe implicated in the resistance against
fungi. For instance, blue light induces on treatddus the expression of phospholipasge A
(PLA,) gene, which is a key element in the lipid signgllpathway and is involved in plant
immunity responses (Alferez, Liao, & Burns, 201R)oreover, high quantum flux of blue
light induces the phenylpropanoid metabolism irusitflavedo and this results in the increase
of the phytoalexin scoparone, which has been linteeéntifungal activities (Ballester &
Lafuente, 2017).

To summarize, blue light application has the pa#érib reduce the decay caused by
green and blue molds during the postharvest stavhgirus. Although the exact mechanism
of blue light has not yet been fully understood;atld be hypothesized that blue light has a
direct effect on fungal physiology and also induttes production of secondary metabolites

into citrus flavedo, which are involved in fruitsistance against fungi.

4.2. lonizing irradiation
4.2.1. Gamma-irradiation

Gamma-irradiation has been proven as a sustaimaélbeod that could be applied for
the extension of postharvest life of fruit and veddes (Guerreiro et al., 2016). Low dosage
gammae-irradiation treatment may retard fruit ripgnby inhibiting ethylene production and
respiration rate, as well as by regulating thevagtiof enzymes being involved in the
scavenging of free radicals (Wang, Gao, Tao, Wu/Zigibo, 2017). To date, gamma

irradiators use either cobalt-60 or cesium-137 amboactive sources, with cobalt-60 being
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dominated. Gamma-irradiation is a promising treaimrfer reducing postharvest decay of
citrus products due to its detrimental effects anglal physiology, and to its penetration
ability (Cia, Pascholati, Benato, Camili, & Sant@807; Schweiggert, Carle, & Schieber,
2007). The efficiency of this method is linked e tradiosensitivity of each pathogen (Jeong,
Shin, Chu, & Park, 2015). However, before this rodtis commercially applied, consumers’
mistrust regarding irradiated foods should be owere (Cia et al., 2007).

The effect of gamma-irradiation on the growth ofegr mold was recently investigated
and it was found that fungal growth was inhibitadai dose-dependent manner (Jeong et al.,
2016). Although a dosage of 1 kGy can effectiveliibit the growth ofP. digitatum, it
practically cannot be applied, since it causesrgegtamage on the surface of citrus (Jeong et
al., 2016). However, these negative effects caalib@nated by operating gamma-irradiation
at lower doses, in combination with other treatreemn this regard, Jeong et al. (2016)
reported that a combination of 10 ppm sodium diahkiriazinetrione (NaDCC) with 0.4
kGy gamma-irradiation significantly reduced theidence ofP. digitatum in mandarins. The
mechanism by which gamma-irradiation inhibits fungr@wth is associated with its ability to
disrupt the fungal cell membrane, leading to a loksntracellular contents (Jeong et al.,
2016). Further research is, however, required digarthe elucidation of gamma-irradiation
mechanisms against citrus fungi. Although the dieftect of gamma-irradiation on fungal
growth has been proven, it is not clear if gammadiation induces the synthesis of plant
secondary metabolites with antifungal activitiesn€idering the negative effects of gamma-
irradiation on citrus quality, future studies shb@ibcus on the elimination of the damaging

effects by combining low gamma-irradiations withet environmentally friendly techniques.

4.2.2. X-rays
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X-ray is an electromagnetic irradiation with freqaies of 16° to 10° Hz (Moosekian,
Jeong, Marks, & Ryser, 2012). Previous studies ifferdnt food commodities have shown
that X-ray irradiation is a novel decontaminaticechnology, which could replace the
conventional sanitizers, since it has antimicrokaativities against various pathogenic
bacteria (Moosekian et al.,, 2012). However, the nm&iray shortcoming is related to
consumer acceptance of irradiated products. Thegpyi target of the energy (photons) being
generated by the X-ray sources is water. After @imoeaction with water, free hydroxyl and
hydrogen radicals may be generated, which may #iephysiological functions in the
living organisms (Droge, 2002).

A few studies have been conducted investigatingetfext of X-ray irradiation on the
control of green and blue molds in citrus (Palowalket 2007; Rojas-Argudo et al., 2012).
Palou et al. (2007) investigated the effect of X-iaradiations (510 and 875 Gy) in
combination with sodium carbonate (3% w/v, at 206€C150 s) in controlling green and blue
molds during storage at different conditions. Aftengal inoculation, the fruit were treated
with 3% (w/v) sodium carbonate and X-ray irradiatiwvas applied after 36 h fruit incubation
at 20 °C. The combined treatment of X-ray irradiatand sodium carbonate could not be a
substitute for conventional chemical fungicidesicsi the reduction of disease incidence on
fruit either incubated at 20 °C for 7 days or cetdred at 5 °C for 21 days was not sufficient
for satisfactory disease control under hypotheticammercial conditions. The reduced
efficiency of the treatment was attributed to tloevér temperature of sodium carbonate
solution and the high susceptibility of the friotdecay, as well as to the rinse of the treated
fruit with tap water after sodium carbonate appi@ma Another reason for the reduced
efficiency could be the application of the treattafter fungal inoculation. As it was
previously mentioned, irradiations may induce tletisesis of secondary metabolites with

antifungal activities. The accumulation of thesempounds is favoured under specific
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conditions and requires a certain period of timejaR-Argudo et al. (2012) showed that X-

ray irradiation of 510 Gy induced the synthesishaf phytoalexins scoparone and scopeletin

after 14-day storage at 20 °C, while the accumuatif these compounds was retarded when

the fruit were stored at 5 °C for 60 days. In gaheX-ray irradiation by itself seems not to be

efficient for the control of blue and green mol#kwever, its efficiency can be increased

when it is combined with carbonic acid salts, sastsodium carbonate. Future studies should

be focused on the effect of X-ray irradiation condal with other environmentally and human

friendly techniques.

Table 3. Studies on the effect of different types of iretins on blue and green molds.

Citrus Type of
Fungi species  species irradiation  Highlights References
Non-ionizing irradiation
P.digitatum&  Orange uv-C « Low UV-C irradiation (7.92 kJ i) effectively (Gindiiz &
P. italicum inactivates spores on the surface of fruit. Pazir,
« Inoculation method significantly affect the effinigy of 2013)
UV-C treatment.
P. digitatum Grapefruit uv-C » Low dosages of UV-C irradiation induced resistan¢®roby et
againstP. digitatum. al., 1993)
» UV irradiation affected the activity ¢fAL andPOD.
P. digitatum Bitter orange  UV-C * UV-C irradiation reduced the growth Bf digitatumon (Arcas et
previously irradiated fruit. al., 2000)
« The changes were attributed to the changes inrilaido
levels due to UV-C irradiation.
P. digitatum Lemon uv-B « UV-B radiation resulted in the increase of phenoli®uiz et
compounds in the flavedo of the treated lemons. al., 2016)
« UV-B irradiation resulted in an increase in cellliwa
thickness.
P. italicum Mandarin uUVv-B « UV-B irradiation had inhibitory effects againg?. (Yamaga
italicum spore germination and hyphae growth. et al.,
« UV-B irradiation did not affect fruit quality withespect 2016)
to soluble solid content, titratable acidity, andep
color.
P. digitatum Lemon uv-B « Short-time UV-B irradiation enhanced the antifunggRuiz et
activity of lemon peel extracts. al., 2017)
» Extracts inhibited conidial germination and incess
TBARS, ROS and membrane permeability.
P. digitatum Orange LBL « LBL light quantum fluxes of 210 and 630 umofra* (Ballester
resulted in the increase of scoparone in the flaved &

» Ethylene and phenylpropanoids are not criticaldesct Lafuente,

in LBL-elicited response.
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536

P. italicum

P. digitatum &
P. italicum

P. digitatum &
P. italicum

P. digitatum

Mandarin

Invitro

Tangerine,

orange

Tangerine

lonizing irradiation

P. digitatum

P. digitatum &
P. italicum

P. digitatum

Mandarin

Mandarin

Mandarins

LBL

LBL

LBL

LBL

Gamma-
irradiation

X-ray
irradiation

X-ray
irradiation

Low-intensity LBL irradiation reduced blue mold(Yamaga
symptom development in satsuma mandarin. et al.,
LBL supressed fungal sporulation. 2015)

The combination of high quantum flux followed by #lLafuente
continuous lower quantum flux may reduce bot Alférez,
sporulation and mycelial viability. 2015)

LBL effectively suppressed the mycelial growth arfiliao et
postharvest symptom development caused By al., 2013)
digitatum and P. italicum in both tangerines and

oranges.

One hour exposure tbBL per day was enough to
significantly reduce?. digitatum sporulation.

LBL with a peak emission at 456 nm reduced (Alferez et
digitatum infection in harvested tangerines. al., 2012)
LBL treatment inducedPLA, gene expression and

reduced the infection rate.

Green mold was inhibited in a dose-dependent manné¢deong et
Gamma-irradiation of 1.0 kGy showed a comple®., 2016)
inhibition of spore germination, germ tube elongati

and mycelial growth of. digitatum.

Gamma-irradiation resulted in the loss of plasma
membrane integrity, causing the release of inthalee!

contents such as soluble proteins.

High gamma-irradiation doses caused severe fruit
damage.

X-ray irradiations of 510 and 875 Gy reduced th@alou et
sporulation of both fungi on mandarins beingl., 2007)
previously treated witlsC.

X-ray irradiation treatment followed by either 14yd

at 20 °C or 60 days at 5 °C had no significant ictmen

fruit quality.

X-ray irradiation treatment induces scopoletin. (Rojas-
Storage conditions significantly affected the spsth Argudo et
and retention of scoparone and scopoletin. al., 2012)

The combination of 3%5C with 510 Gy proved to
delay the development &f digitatum.

UV: Ultraviolet

LBL: LED blue light
PAL: Phenylalanine ammonia-lyase
POD: Peroxidase

TBARS: Thiobarbituric acid-reactive species
ROS: Reactive oxygen species
PLA,: Phospholipase A
SC: Sodium carbonate

5. Control of P. digitatum and P. italicum by the use of hot water treatment (HWT)

Hot water treatment (HWT) has been extensively iadplon different fruit and

vegetables to reduce the decay caused by diff@athibgens and prolong their storage life

(Ban et al., 2015; Sui, Wisniewski, Droby, Noreéi,Liu, 2016). HWT is a physical stress,
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which induces several physicochemical changes timofruit. In citrus, the HWT can be
applied during postharvest by either dipping thetfmm warm water or spraying them with
warm water while they are moving on the conveyee.liThe application time of the heat
treatment depends on water temperature. In citfiffgrent water temperatures have been
examined; ranging from 40 to 65 °C (Porat et 0@ Pavoncello et al., 2001; Palou, Usall,
Munoz, Smilanick, & Vinas, 2002; Kyriacou, 2011;Ga, Olmo, & Garcia, 2016) (Table 4).
Garcia et al. (2016) investigated the effect ofedént postharvest heat treatments at both
laboratory and industrial scale on the decay amandt quality of different citrus varieties.
Specifically, different varieties of mandarins am@énges were inoculated with digitatum
and P. italicum and then were dipped into hot water of differeathperatures for different
intervals. The optimum HWT conditions were differéor each variety, with the HWT of 53
and 45 °C for 3 min being the most efficient foe tleduction of fruit decay. These treatments
delayed the skin colour evolution and reduced tmenfess during a 5-day and 7-day storage
at 5 and 20 °C, respectively. However, at the séime, other quality parameters such as
soluble solid content, juice content, pH, titratallcidity, and sensory quality were not
affected by the heat treatment. Similarly, Nafietsal. (2001) showed that a hot water dip
(52-53 °C) for 2 min prevented the decay causeB.lgygitatum in lemons during postharvest
storage. Higher water temperatures can be used \rh@nare sprayed with hot water.
Pavoncello et al. (2001) showed that grapefruitsihed and sprayed with hot water (62 °C)
for 20 sec developed resistance against green metihys. Interestingly, the authors
mentioned that the HWT was more efficient whentfwere inoculated with the fungus 1 or 3
days after the treatment, while the HWT was lefscaf’e when fruit were inoculated on the
same day or 7 days later. The authors showed lbatlWT resulted in the accumulation of
CHI andp-1,3-glucanases, proteins which might be implicatethe resistance of grapefruits

againstP. digitatum decay. Both dipping and spraying seem to give lamresults in the
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reduction of green and blue mold decays. HoweWer application of hot water by spraying
might be more suitable to be installed in the cgrvédine of packing houses (Ben-Yehoshua,
2003). Several mechanisms might be implicated encitrus resistance against green and blue
molds during HWT. The primary mechanism of HWT dsdisinfect the commodity from
fungal spores found on the surfaces of citrus (Rewito et al., 2001). Moreover, HWT
interrupts for 24-48 h the growth of fungal spomekich have been retained after the
treatment on citrus surfaces. Meanwhile, the agpleat induces the accumulation of
secondary metabolites such as phytoalexins (scopaamd scopoletin), heat shock and
pathogenesis related proteins implicated in fregistance against fungus (Perotti et al., 2015;
Sui et al., 2016). Nafussi et al. (2001) reportbdt tthe accumulation of scoparone and
scopoletin initiates 24 h after HWT and reachesféicgent level for fungal inhibition within

48 h. At the same time, the accumulation of lignithe parts of fruit that have been infected
by fungus is enhanced by the HWT and works as aebaagainst pathogen’s further
invasion, protecting the fruit from an extendedale(Nafussi et al., 2001). These results are
in agreement with Yun et al. (2013yho mentioned that lignin and ROS play an impdrtan
role in citrus resistance . italicum after HWT. Future studies should be planned ireotd
elucidate the exact mechanism of HWT involved inusi resistance against both green and
blue molds. -Omics technologies, such as genonposteomics, and metabolomics will
facilitate in better understanding the moleculad dochemical processes occurring after
HWT in fruit and pathogens (Sui et al., 2016). @pzation experiments should be conducted
in order to determine the optimum water temperatamed treatment duration period for the
control of citrus pathogens. Also, the combinatioh HWT with other non-chemical
techniques such as UV irradiation, plant extrabiscontrol agents, and salts should be

examined.
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587 Table4. Hot water treatment conditions applied on citrus.

Product Pathogen Hot water treatment conditions ferReces

Grapefruits P. digitatum  Spraying and brushing for 20 s with hot waterzt 6(Pavoncello et al.,
°C 2001)

Lemons P. digitatum  Dip in water at 52-53 °C for 2 min (Nafussi et al.,

2001)

Mandarins, P. digitatum, Dip in water at 53 °C and 45 °C (appropriate (Garcia et al,

Oranges P. italicum temperature depends on the variety) for 3 min ~ 2016)

Citrus grandis Penicillium  Dip in water at 52 °C for 2 min or hot drench (Rodov et al,

L.xC. paradis molds brushing at 52, 56 or 60°C for 10 s 2000)

Macf.

Citrusreticulata P. digitatum  Dip in water at 56° for 3 min (Kyriacou, 2011)

Blanco x Citrus

sinensis(L.)

Osbeck

Tangerines, P. digitatum  Spraying and brushing for 20 s with hot water gt 5@Porat et al., 2000)

oranges, and 59, and 62°C

grapefruit

588

589 6. Control of P. digitatum and P. italicum by the use of salts

590 Several organic and inorganic salts with low-tayidi.e. sodium bicarbonate, sodium
591 carbonate, potassium sorbate, ammonium bicarbonedédgium polysulfide, sodium
592  ethylparaben, and sodium hydrosulfide) have besteddor citrus decay control causedmy
593 italicum or P. digitatum with some of them being characterized as GRAS camg® by the
594 Food and Drug Administration (FDA) and European dgni(EU) regulations (Youssef,
595 Ligorio, Nigro, & Ippolito, 2012a; Moscoso-Ramirdglontesinos-Herrero, & Palou, 2013;
596  Youssef, Sanzani, Ligorio, Ippolito, & Terry, 2014he potential antifungal activity of these
597 factors could be enhanced if combined with otheattnents such as heat, low doses of
598 fungicides, and wax coating (Smilanick, Mansourpl@g & Sorenson, 2008; Youssef et al.,
599  2012a).

600 Sorbic acid salts have been used as food additivggears and are well known for their

601  ability to exert antifungal activity against moldsd yeasts, mainly within the pH range of 3-
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6.5. Interestingly, sorbic acid salts not only éxxampatibility characteristics with fungicides
like imazalil, thiabendazole, pyrimethanil and fioxbnil, but also improve their antifungal
ability againstP. digitatum (Smilanick et al., 2008). Youssef, Ligorio, Sanzaxigro, &
Ippolito (2012b) investigated the effectivenesssoflium bicarbonate, sodium carbonate,
sodium silicate, potassium bicarbonate, potassiambonate, potassium sorbate, calcium
chloride, and calcium chelate to control posthardesays upon clementines and oranges at
different time points of application (prior to hast, after harvest, and both in pre- and
postharvest). The results indicated that applicdiime is a crucial factor that should be taken
into account, since salts applied to the field ptm harvest have more available time to
interact with the pathogen upon the fruit, thusraig its inoculum density, the environmental
conditions into the wound niche and may induceuiseesistance (Youssef et al., 2012hb).
Additionally, in the work of Youssef et al. (2014he application of sodium carbonate or
sodium bicarbonate resulted in the significantfangal postharvest control &f digitatumin
oranges. Although recent studies suggest that sodarbonate could efficiently manage
digitatum andP. italicum decays in lemons, oranges, and mandarins, itliskwewn that this
salt cannot provide overall protection to the fifuiim re-infection (Palou et al., 2002; Plaza,
Usall, Torres, Abadias, Smilanick, & Vifias, 2004Ah in vivo study on citrus demonstrated
that the food additive sodium benzoate, commonlgduas preservative, was the most
effective salt to perform as an antifugal agentiragaP. italicum and P. digitatum
(Montesinos-Herrero, Moscoso-Ramirez, & Palou, 2016

Apart from GRAS compounds, other salts could alsoused as antifungal agents
againstPenicillium spp. Fu et al. (2014) suggested sodium hydrosuifid/drogen sulfide
donor) as an innovative compound to be used agdiegiostharvest pathogensAspergillus
niger and P. italicum when inoculated to citrus. Fumigation of mandarmmnsoranges with

hydrogen sulfide reduced the growth Rfitalicum on the surface of the tested fruit. This
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result provides a clue for the production of naadétrnative formulations that could minimize
postharvest fruit decay via the fumigation with rogen sulfide (Fu et al., 2014).

The ability of salts to perform as alternative fumgal agents has also been tested in
combination with other factors such as heat, chahfiimgicides or coating. The performance
of potassium sorbate agairgt digitatum was increased in heated aqueous solutions. The
combination of heat and potassium sorbate salterdndg immersion times resulted in better
control of the disease (Smilanick et al., 2008)e Thmbination of curing (storage at &3 for
65 h) and sodium carbonate resulted in the increfiffee antifungal activity of carbonic salt
and provided protection from re-infection (Plazaaét 2004b). In addition, Montesinos-
Herrero et al. (2016) showed that dip treatmentitfus into heated solution of sodium
benzoate resulted in a significant reductionPoiftalicum and P. digitatum incidence upon
‘Valencia’, ‘LaneLate’ oranges, lemons and ‘Ortareggmandarins under postharvest storage
conditions, but not on ‘Clemenules’ mandarins.

The ability of certain salts to be combined withxwawards their antifungal activity
againstPenicillium molds upon citrus was evaluated by Youssef e{28l12a). Potassium
sorbate embedded into wax proved the most poteatiifungal agent against citrus
postharvest decay, but the film-forming propertoéshe wax were impaired, resulting in fruit
weight loss (Youssef et al., 2012a; Parra, RigwlQrihuel-Iranzo, 2014). Only ammonium
bicarbonate was able to exert adequate antifungadepties without interfering with the
ability of the wax to retard weight loss (Yousseéfad, 2012a). An alternative approach
towards the efficient usage of sodium bicarbonatts svas proposed by Fallanaj, Sanzani,
Zavanella, & Ippolito (2013). The authors indicatkdt sodium bicarbonate salt coupled with
electrolysis caused by conductive diamond electadsulted in a synergistic effect and
inhibition of Penicillium spore germination, with no observed deleteriodecefupon fruit

appearance.
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Even though extensive research has been condusitegl different salts for the control
of postharvesPenicillium decays upon citrus, the mode of actions of thasepounds are
not fully determined. It was established that osmstress mediated by the concentration of
salts during field applications may participateointhe decrease of fungal populations
(Ippolito, Schena, Pentimone, & Nigro, 2005). laiso well known that fungi grow better in
acidic to neutral conditions, than in alkaline anés regards sodium carbonate and
bicarbonate, it was widely accepted that the mawdenof action was exerted via the
buffering capacity of the carbonate ions and theeligpment of an alkaline environment.
Under these conditions, fungi spend more energyafid production than upon hyphal
extension, thus their growth is inhibited (Talibiaé, 2014). In general, the pH of the media is
a key factor but it is not the only one for a swsfel postharvest decay control management,
since it affects the germination of conidia anduehces the virulence of pathogens via their
colonization upon the host tissue (Smilanick, MamsdMargosan, Gabler, & Goodwine,
2005).

Youssef et al. (2014) proposed that sodium carleoaatl bicarbonate exert their mode
of action against green mold via the activatiomefense mechanism and the up-regulation of
phenylpropanoid pathway. The defense responses wamelated with the increase of
enzymatic activity off-1,3-glucanase, peroxidase (POD), and PAL. Alserehwas an
observed up-regulation of the expression level AL Rvith parallel increased levels of
sucrose, scoparone, and phytoalexins (Youssef,e2@l4). Additionally, Venditti, Molinu,
Dore, Agabbio, and D'Hallewin (2005) reported tisadium carbonate treatment caused
alternation to the cell structural components, oetlibiosynthesis of scoparone, and elevated
pH levels in citrus albedo (the inner white partlod peel). This proposed interaction of the

rid with the treatment determines the efficacy lué applied salt, and minimum efficiency
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againstP. digitatum was observed when the salt film coating was dedtvyeipon unwounded
flavedo tissues (Venditti et al., 2005).

It is speculated that the direct effect of elegizeld sodium carbonate agairt
digitatum andP. italicum is an outcome of combined modes of action. Iniedkectrolyzed
sodium carbonate induces oxidative stresB.idigitatum conidia via the over accumulation
of ROS, resulting in the collapse of the mitochéaldmembrane potential and the disruption
of intercellular ATP production (Fallanaj et al.Q15). Furthermore, the up-regulation of
defense related genes coding for CHI, POD, PALwa# as the prevention of tissue
colonization by the pathogen, supports the abitifyelectrolyzed sodium carbonate to
participate in the induction of host resistancdléfaj et al., 2016).

The antifungal activity of sodium hydrosulfide watsributed to the liberated hydrogen
sulfide gas, which exerts its antifungal activity d&ffecting multiple aspect of fungal growth,
like inhibition of spore germination, germ tube raation, mycelial growth, abnormal
contraction of mycelial cytoplasm, and ROS-relatedchanisms that inhibit growth of
postharvest pathogens (Fu et al., 2014).

In general, it has been well established that tihébitory ability of many salts towards
fungal pathogens is directly correlated with thesence of the residues of the tested
compound within the wound infection sites occupieg the pathogen and upon the
interactions of the salt with the compounds of tiee (Smilanick et al., 2005). These
interactions between the rid and the applied sékrdamong the citrus species and cultivar
due to different albedo and flavedo characterigpe®l, skin structure, and cuticle layer) and
variability of compounds with antifungal activityithin the citrus rid (Montesinos-Herrero,
del Rio, Pastor, Brunetti, & Palou, 2009). The pidperties of citrus species determine the

natural susceptibility to postharvest decay andndethe efficiency of the applied salt upon
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the rid (Youssef et al., 2012a; Moscoso-Ramirealgt2013; Montesinos-Herrero et al.,
2016).

There is an increased demand for more chemicalffuéieproducts by consumers and
fruit distributors in the EU and worldwide (Montess-Herrero et al., 2016). More
combinations of salts with wax or low doses of cloainfungicides should be performed in
order to minimize fungal decays to the minimum aedch market requirements. Further
studies should be performed in order to estabhghchemical properties of wax layers and
investigate the effective implementation of sati®ithe film-coated layers. To attend this
need, the implementation of salts in combinatiothvather eco-friendly antifungal agents

could lead to an alternative disease control, witholerance to fungicide residues.

7. Control of P. digitatum and P. italicum by the use of biocontrol agents

Biological control or biocontrol is the managingatlisease by applying biological agents to a
host fruit, which prevents the development of tligedse caused by a pathogen (O’Brien, 2017).
Various strains of yeasts and bacteria have beet as biocontrol agents against bBthdigitatum
and P. italicum. To date, only a few biocontrol agents (Pantovéatl Biosave) are commercially
available for the control d®Penicillium in citrus (Spadaro & Droby, 2016). The efficacybidcontrol
agents in controlling the decay caused by bluegnadn molds is affected by several parameters such
as the type of biocontrol agent (i.e. fungi, yeastdacteria), the strain used for treatment piHeof
the media where the pathogen and the biocontraitae grown, and the time that the biocontrol
agent is applied (prior or post pathogen infectiidoby et al., 2002; Luo, Zeng, & Ming, 2012,
Panebianco, Vitale, Polizzi, Scala, & CirvilleriQ15; Zhang, Mahunu, Castoria, Yang, & Apaliya,
2018). Although several mechanisms of action haenlproposed, the mode of action by which the
biocontrol agent controls the decay caused by path® has not been clearly understood. The

competition for nutrients and space is more fretjyeeported as the prevalent mode of action for
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both bacteria and yeasts (Droby et al., 2002; Mezet al., 2006; Abraham, Laing, & Bower, 2010;
Luo et al., 2012; Panebianco et al., 2015). Othechanisms that may be implicated in the control of
P. digitatum andP. italicum are the production of toxins and enzymes by tbedsitrol agent, which
might result in deformation of fungal mycelium andibition of fungal spore germination, as well as
in the stimulation of the secondary metabolismhia infected fruit (Luo et al., 2012; Panebianco et
al., 2015). In case of yeasts, direct mycoparasitigs also been reported (Droby et al., 2002). In
general, it can be hypothesized that, at the same more than one mechanism of action may take
place, resulting in the control of the pathogenistaham et al. (2010) screened the effect of 60tyeas
and 92Bacillus isolates againd®. digitatum and found that only 10 yeast and B&cillus isolates
were efficient in the control d®. digitatum on oranges (nhavel and Valencia) and lemons, wieidest
isolates were more effective than tBacillus ones. However, the combination of different typés
biocontrol agents (bacteria with yeasts or differgtinains of bacteria) may result in a significgntl
higher green and blue mold inhibition comparedh® individually applied cultures or strains. For
instance, the combination of two strains of thetd@em Serratia plymuthica (IC1270 and 1C14) was
more efficient in the control of both green andeblolds on orange than the individual bacterium
strains (Meziane et al., 2006). Panebianco et28l1%) showed that the application of a mixture of
Pseudomonas and Trichoderma strains resulted in higher inhibition &f digitatum on oranges and
lemons than the application of the individual biotrol agents. The application time of the biocohtro
agent is a crucial parameter affecting the perfoigean the suppression of green and blue molds. In
general, biocontrol agents should be applied gograthogen infection. This is might be due to the
fact that the biocontrol agents consume the nusigrat could be used by the pathogen, as wetiras f
the stimulation of host’s secondary metabolism Wwhitay lead to the synthesis of metabolites with
antifungal activities (Luo et al., 2012; Panebiamtal., 2015). It has been shown the activities of
enzymes such as POD, polyphenoloxidase (PPO), EAll, andp-1,3-glucanase, as well as the

content of flavonoids are increased in the citraslp after the application of the biocontrol agent
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Pichia membranefaciens (yeast), leading to lowd®. italicum andP. digitatum growth in citrus (Luo

et al., 2012). PAL is involved in phenolic compoargynthesis, which have the ability of altering
fungal cell permeability, leading to macromolecidakage (Papoutsis et al., 2018). On the other
hand, both POD and PPO enzymes are responsibléhdooxidation of phenolic compounds to
quinones, which are also compounds with antifulagtivities (Kanan & Al-Najar, 2009). Therefore,
future studies should be conducted with the airelo€idating the implication of both phenols and
quinones in the control of green and blue moldghBeHI andp-1,3-glucanase are pathogenesis-
related proteins synthesized by the plants asppnsg to pathogen infection and are implicatetién t
hydrolysis of chitin ang-1,3-glucans contained in the cell walls of furigig et al., 2012).

The efficiency of biocontrol agents against greed &lue molds can be enhanced by their
combination with different treatments such as hater; plant extracts, or sodium bicarbonate (Hao et
al., 2011; Hong et al., 2014; Sui et al., 20Hgcillus amyloliquefaciens strain HF-01 found on the
surface of citrus species is a species of bacteviitim antifungal activity against both. digitatum
andP. italicum (Hao et al., 2011). Hao et al. (2011) found th& tdombination of the biocontrol
agentB. amyloliquefaciens strain HF-01 with tea saponins was as effectivihasmazalil (fungicide)
and more effective than the application of indiabireatments for the control of blue and green
molds in ‘Wuzishatangju’ mandarins. The mode ofarcbf the combination of the biocontrol agent
with the saponins has not been clearly elucidaBaponins have the potential of inhibiting the
mycelial growth and spore germination of both greed blue molds. However, at the same time,
saponins as natural surfactants may facilitateebettention of the antagonist on fruit surface by
increasing the wettability of the treated surface apreading the antagonist more evenly over the
fruit (Hao et al., 2011). Hong et al. (2014) showthdt the efficiency of the biocontrol ageBt
amyloliquefaciens strain HF-01 againsP. digitatum and P. italicum can also be enhanced when
bacterium is combined with hot water treatment5f@ for 2 min or/and 2% sodium bicarbonate. A

recent review study conducted by Sui et al. (201ighlighted the synergistic effect between yeasts
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and heat treatment on postharvest disease coHialever, to date, no studies have been conducted
in citrus investigating the effect of the combioatiof heat treatment with yeast as a biocontrohtge
on the control of blue and green molds.

Both P. digitatum and P. italicum can be controlled by the application of biocontagents,
which could be considered as an alternative tctimentional fungicide treatment. Thus far, most of
the studies conducted in citrus have examined nitiuagal activities of biocontrol agents afterithe
postharvest application. Considering that pathoggaction may occur in the field before harvest and
one of the major modes of action of the bioconagénts is the competition for nutrients and space,
future experiments should be conducted investigatie preharvest application of biocontrol agents
in the control of both blue and green molds. Mompwexperiments aiming at identifying and
isolating biocontrol agent strains naturally fouod the surfaces of citrus species, as well as at
determining the environmental conditions promotitigeir growth, are also encouraged. The
combination of non-chemical elicitors or plant gtbwegulators with the biocontrol agents should be
investigated, since it has been previously shovat the efficiency of biocontrol agents can be

enhanced when they are combined with others enwieotally friendly.
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Highlights
* Non-chemical treatments for green and blue mold control
» Essentia oils can control the germination of blue and green molds
» lrradiations may effectively control the decay caused by Penicillium spp.

* Yeasts and bacteria can been used as biocontrol agents against green and blue molds
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